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Highlights 
• Numerical analysis of water confined in tube under axial impact 
• Radial wave propagation shown to affect pressure distribution in tube 
• Peak pressure exceeds value predicted by acoustic theory in specific region of tube 
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ABSTRACT 
Fluid–structure interaction (FSI) and wave propagation in engineering structures can cause severe damage to 
piping systems or fluid machines, inducing serious accidents. In these phenomena, the mechanism of structural 
damage depends on the wave propagation across the fluid–solid interface. Previous studies reported that 
disagreements between the induced pressure value on the solid–fluid movable interface and the value predicted 
by the classical one-dimensional theory arose from the effects of two-dimensional wave propagation. To address 
this problem, in this study, a two-dimensional axisymmetric simulation of wave propagation across the solid-
fluid interface with FSI was conducted. The simulation was performed using ANSYS Autodyn with a 
Lagrangian solver for solids and Eulerian solver for water. The results showed that radial wave propagation 
caused by the dynamic effect of the tube and water’s inertia affected the peak pressure on the solid–fluid 
interface. The peak pressure was attenuated near the tube wall because of the inertial effect of the tube and fluid 
expansion. By calculating the mean pressure and axial stress to compare the simulated peak pressure with that 
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from one-dimensional acoustic theory, it was indicated that the transition region for transmitted pressure was 
located immediately after the solid–fluid interface. In this region, the transmitted peak pressure may exceed the 
value predicted by one-dimensional acoustic theory. The transition region was oriented in the axial direction 
from the interface. In addition, prediction of the transmitted peak pressure with one-dimensional acoustic theory 
was suggested via normal wave speed in the unconfined fluid from a safety engineering perspective, although 
the circumferential stress generated in the tube enclosing fluid can be sufficiently accurately predicted using the 
same theory with the Korteweg speed. 
 
Key Words: Fluid–structure interaction, Wave propagation, One-dimensional theory, Water hammer, Numerical 
simulation, Impact response 
 
 
1 INTRODUCTION 
Fluid–structure interactions (FSIs) can severely damage piping systems or fluid machines, inducing serious 
accidents, especially when they occur with wave propagation. Many studies have investigated FSI with wave 
propagation, including research on water hammers (Daude et al., 2018; Riedelmeier et al., 2017), cavitation 
(Chong and Kim, 2019; Triawan et al., 2015; Bergant et al., 2006), and structural responses to blast loading (Jin 
et al., 2015; Xue and Hutchinson, 2003). In these phenomena, the mechanism of structural damage depends on 
the wave propagation across the fluid–solid interface. 
In the early stage, wave propagation crossing the fluid–solid interface was investigated by Taylor (1941). 
Taylor theoretically modeled the response of a rigid plate to exponentially decaying blast loading from a fluid 
in one dimensional (Swisdak, 1978). His model suggested that the impulse transmitted to the plate was reduced 
according to the reduction in plate mass. The effect of the reduction of plate mass in Taylor’s model indicated 
that the inertial motion of the solid plate induced by the blast loading affected the interfacial and transmitted 
pressure on the fluid–solid interface. Many studies have further developed Taylor’s model of FSI with a plate 
(Li et al., 2013; Wang et al., 2013; Liang et al., 2007). These studies are of interest for the construction of naval 
vessels and submarine components to investigate their resistance to explosive loading (Mouritz et al., 2001). 
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Some research has investigated wave propagation across fluid–solid interfaces using shock tubes. Many 
years after Taylor, Deshpande et al. verified Taylor’s analysis experimentally using a shock tube (Deshpande 
et al., 2006). Schiffer et al. (2012) later developed Taylor’s model analytically with different supporting 
conditions of a rigid plate and predicted the induced pressure and velocity of the plate. Schiffer and Tagarielli 
used the same experimental method as Dashpande et al. to analyze the dynamic response of composite plates 
(Schiffer and Tagarielli, 2014a, 2014b, 2015). Damazo and Shepherd (2017) experimentally observed the 
reflection of the gaseous detonation wave, reporting that the wave speed substantially exceeded the ideal 
theoretical value as well as the generation of a very high-pressure region near the gas–solid wall interface. Their 
research indicated the importance of clarifying interfacial phenomena concerning the propagation of stress or 
pressure waves across fluid–solid interfaces and the generation and transmission of interfacial pressure. More 
recently, Veilleux and Shepherd (2018, 2019) investigated the wave propagation with an air gap between solid 
and fluid both experimentally and numerically. They have been reported that the presence of a free surface and 
induced complex motion of the solid caused cavitation inception which results in the steepening of the pressure 
waves transmitted in the fluid (Veilleux and Shepherd, 2018, 2019). 
In our previous studies, we have investigated wave propagation across a solid–fluid interface with FSI using 
a water-filled circular tube. These revealed that the classical one-dimensional theory of acoustic impedance 
could not predict the pressure induced on the solid–fluid interface with FSI (Kojima et al., 2017). In addition, 
it was implied that two-dimensional wave propagation by the radial expansion of the water-filled tube affected 
the interfacial pressure. In this study, we conducted a numerical simulation to investigate the two-dimensional 
wave propagation around the solid–fluid interface with FSI. 
Many numerical methods have been developed and widely used to analyze FSI problems because they are 
of practical interest to many researchers for industrial applications. The hydrocode is one such simulation 
method (Zukas, 2004), suitable for analyzing phenomena in which the deformation and fracture of a medium 
are caused by stress or pressure wave propagation in the medium (Yagawa and Miyazaki, 2007). The 
formulation is made with strong coupling methods (Blom, 1998; Takashi and Hughes, 1992; Zhang and Hisada, 
2001). The diffusion term, heat conduction, and viscosity are excluded from the hydrocode because the strong 
coupling method is intended to analyze transient phenomena in short periods with little effect from these terms. 
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This method is considered to arise from the HEMP code (Alder et al., 1964). Autodyn (Birnbaum et al., 1987) 
and LS-DYNA were developed from HEMP code as commercial hydrocodes. 
In this study, we conducted numerical simulations using ANSYS Autodyn v.15.0. We chose this method 
because our target phenomenon of wave propagation across the interface of FSI is completed in a very short 
time. We conducted the numerical simulation with a two-dimensional axisymmetric model of wave propagation 
across the solid–fluid interface with FSI. The aim of this study is twofold. First, we intend to locate the transition 
region of a pressure wave in which the pressure cannot be predicted by classical one-dimensional theory, and 
second, we aim to propose an estimation method for the pressure in this transition region. 
 
 
2 METHODS 
2.1 Simulation model 
We conducted a numerical study with ANSYS Autodyn v.15.0 and a 2D axially symmetric model of the 
problem. The problem geometry is presented in Fig. 1. This geometry was built with reference to the experiment 
conducted in our previous study (Kojima et al., 2017, 2015). The simulation model comprises two main parts: 
the cylindrical solid buffer and the water-filled circular tube. A steel projectile impact is used to generate a stress 
wave in the buffer. The generated stress wave propagates through the buffer and across the interface of the 
buffer and water in the tube. Thus, the stress wave in the solid is propagated to the water in the tube as a pressure 
wave. We used a Lagrangian solver for the solids and a Eulerian solver for water with the simulation model. In 
the experiment, the water was sealed with the buffer using an O-ring. In the simulation model, because of the 
complexity of modeling the O-ring seal, such as modeling the pre-stressed rubber and determination of the 
friction condition, water is stopped to spout out with the projection on the buffer in the gap between the buffer 
and tube wall. We used the projection of the buffer materials to avoid the occurrence of wave reflection between 
the buffer and the projection part. Over the simulation steps, the projection of the buffer and tube wall were not 
in contact. 
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Fig. 1 Schematic of the simulation model used in the study 
 
2.2 Simulation conditions 
Table 1 presents the meshed condition of the model. The mesh sizes are decided considering Courant 
conditions because Autodyn is an explicit integration code (Robertson et al., 1994; Courant et al., 1928). In this 
simulation, the mesh conditions were set to be 4 meshes in the thickness direction of the tube wall. The 
simulation was also carried out under the conditions of finer to be 8 meshes in the thickness direction of the 
tube wall and the conditions of rougher to be 2 meshes. In each simulation result, the difference of the peak 
value of the hoop strain of the tube wall was within 10%. Therefore, it was considered that the simulation result 
was sufficiently converged. We adopted the condition of 4 meshes because the mesh would too rough in the 
condition of 2 meshes in the thickness direction of the tube wall. 
Slip boundaries were applied to all interfaces between parts with no friction. The fixed condition was applied 
to the tube end, setting the velocity equal to 0 in the z-direction. The bottom of the water was closed with the 
end of the water flow field. Therefore, neither water nor pressure is transmitted through the bottom of the tube. 
Waves reaching the bottom were fully reflected. The material properties are given in Table 2. These material 
properties were taken from the literature (National Astronomical Observatory of Japan, 2016; Matsuka, 1984; 
Walley and Field, 1994). All the materials are modeled as linear-elastic. The linear equation used in this study 
is expressed with shock wave velocity Us and particle velocity Up as follows; 
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Us = C0 + s Up                      (1) 
 
where C0 is the bulk speed of sound, s = dUs/dUp. The equation of state is as follows; 
 
( )0 1p K  = −                       (2) 
 
where ρ0 is the density in the static state.  
Originally, polycarbonate is a viscoelastic material, but the viscoelastic features should have little effect in 
the short time as in the present simulation (O’Connell and McKenna, 2002). Therefore, polycarbonate was also 
modeled as an elastic body in the simulation. The simulations were conducted below the elastic limits of all the 
materials. Aluminum and polycarbonate were used as the buffer materials with reference to the previous 
experiment. We set the velocity of the projectile as 1.40 m/s in the z-direction for the initial condition. 
 
3 Simulation results 
Figure 2 shows the stress and pressure distributions after the projectile impact during the first and second 
peak of the interfacial pressure. In Fig. 2, compressive pressure has a positive sign and thus tensile stress has a 
negative sign. The pressures below/above ±0.6 MPa are all shown in dark blue/red in Fig. 2. The range of the 
color scale was chosen to visualize pressure distribution in all frames. The generated compressive stress wave 
propagates in the buffer with continuous reflection at both edges of the buffer; when the wave reaches the 
buffer–water interface, it is transmitted to the water as a pressure wave. The transmitted wave indicates complex 
interactions between the water and the tube wall. There is a time-lag between the first peak pressure with the 
aluminum buffer and the polycarbonate buffer. It is due to the difference in sound speed between aluminum 
and polycarbonate. 
 
The axial strain histories of the buffer both in the experiments and the simulation are presented in Fig. 3. 
The black lines in Figs. 3 to 6 are from the experimental results in the previous study (Kojima et al., 2017). 
These strain histories correspond to the incident stress wave profiles generated due to the collision of the 
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projectile and the buffer. In the case with the aluminum buffer and the polycarbonate buffer, a difference of 
50% and 35% was generated in the first peak value of the incident stress wave between the simulation and the 
experiment. Experiments confirmed repeated contact and separation when the projectile and buffer collided, 
and it seemed that the energy was lost when it was transferred from the projectile to the buffer during the 
collision. There is a limit to reproducing such complicated contact conditions on the simulation, then as a result, 
amplitudes of the incident stress waves generated by the collision have not been completely reproduced in this 
simulation. However, from Fig. 3, it appeared that the average transition of the incident stress wave was well 
reproduced in the simulation. 
Figure 4 presents the velocity of the buffer-water interface both in the experiments and the simulation. 
In Fig. 4, 12% and 10% differences in the first peak value between simulations and experiments occurred in 
the case with the aluminum buffer and the polycarbonate buffer, respectively. It indicates the effect of the 
frictions of O-ring in the experiment. 
Figure 5 plots the hoop strain histories of the water-filled tube at the outer tube wall. The amplitude of the 
numerical result is larger and steeper than that of the experimental result. As for the first peak value, the 
experimental results were 37% and 41% smaller than the simulated results with the aluminum buffer and the 
polycarbonate buffer, respectively. These differences would be mainly attributed to the difference of the 
incident stress wave between the experiment and the simulation (Fig. 3). As mentioned above, the amplitude of 
the incident stress wave could not be reproduced in the simulation in this study due to the imperfect collision 
of the projectile and the buffer in the experiment. 
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−0.6 MPa  0.6 MPa   
 
 
 
t = 0.017 ms, at the first peak of the interfacial 
pressure 
 t = 0.049 ms, at the first peak of the interfacial 
pressure 
 
 
 
t = 0.052 ms  t = 0.071 ms 
 
 
 
t = 0.088 ms  t = 0.092 ms 
 
 
 
t = 0.12 ms  t = 0.11 ms 
 
 
 
t = 0.16 ms (second peak of the interfacial 
pressure) 
 t = 0.13 ms (second peak of the interfacial pressure) 
(a)  (b) 
Fig. 2 Stress and pressure distributions: (a) with the Al buffer, (b) with the PC buffer 
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Fig. 3 Axial strain histories of the buffer: with the Al buffer (a) at z = -280 mm, (b) at z = -80 mm, with the PC 
buffer (c) at z = -280 mm, (d) at z = -80 mm 
 
  
(a) (b) 
Fig. 4 Velocity of the buffer-water interface: (a) with the Al buffer, (b) with the PC buffer 
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There may be some other factors that caused the difference between the experiment and the simulation, such 
as friction due to the O-rings between the buffer and the tube wall, trapped air below the buffer, and three-
dimensional effects in the experiments. However, it appeared that the reproducibility of the incident waves 
resulting from an imperfect collision of the projectile and buffer contributing by about 80% of the difference 
between the simulation and the experiments in the amplitude of the strain histories in Fig. 5. In general, the 
equation of state could cause the difference between the simulation and the experiment. In contrast, the 
phenomenon in this study could be reproduced by a linear equation of state which is used in this study because 
of the slow collision speed. However, despite the difference in the amplitude, the average transition of the strain 
history in the simulation was able to reproduce the experiment. 
In Fig. 5, the hoop strain at each location in the tube-wall with the polycarbonate buffer is larger than the 
aluminum buffer. It may be attributed to the difference in the sound speed between aluminum and polycarbonate. 
Since the sound speed of aluminum is fast, even if the pressure in the water rises due to a stress wave transmitted 
into the water, the tensile wave generated by the free-end reflection at the end face of the buffer or projectile 
immediately returns and is transmitted into the water. As a result, the tube wall vibrates then cannot be fully 
pushed out by the pressure in water. On the other hand, because the sound speed of polycarbonate is slower, 
there is sufficient time for transmitted pressure waves to push and expand the tube wall without being affected 
by reflected tensile waves. 
Figure 6 shows the pressure histories of water close to the buffer surface at the center of the tube (r = 0), as 
well as measured interfacial pressures from the experiment. The measuring location in the simulation was 
determined to be less than the maximum moving distance of the buffer. It is difficult to track the water pressure 
near the moving buffer tip because of the characteristics of the Eulerian coordinates. Therefore, the pressure 
measuring point was fixed in the simulation. If the gauge point in the simulation was less than z = 2 mm, the 
tip of the buffer would overlap with the gauge point, hindering pressure measurement in the water when it 
moved. In the experiment, measured values were filtered to eliminate noise with the natural pressure transducer 
frequency of 25 kHz. Therefore, the pressure fluctuation could be obtained in more detail with the numerical 
simulation. The pressure profile with the numerical simulation filtered with a 25 kHz low-pass filter was plotted 
in Fig. 6. The filtered pressure profile indicated a similar tendency with the experimental one. 
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As for the first peak value, the simulated results were larger than the experimental results. With the 
aluminum buffer and the polycarbonate buffer, the experimental results were 17% and 21% smaller for the 
pressure history at the center of the tube, respectively. These differences would be mainly attributed to the 
difference of the incident stress wave between the experiment and the simulation, as mentioned above. 
Figure 4(a) indicates a pressure oscillation induced in water both in the experiment and the simulation. It 
should be due to stress waves transmitted into the water repeatedly while it reciprocates in the buffer in the z-
direction. In other words, it was attributed to the axial vibration of the buffer due to the propagation of the stress 
wave. On the other hand, only the simulated pressure history oscillated in Fig. 4(b). This oscillation was similar 
to a radial-circumferential vibration mode of a circular pipe in asymmetry mode. Since the numerical simulation 
in this study is two-dimensional axisymmetric, the vibration mode of a higher order of asymmetry should not 
appear. However, as we discuss in the latter part in this section, it was confirmed that the pressure oscillated 
with the propagation of the pressure wave in the radial direction in the simulation. It is unclear how the 
asymmetric vibration mode which should exist affects the simulation result under the assumption of symmetry 
when the wave propagates radially in the two-dimensional axisymmetric analysis. Consequently, in the 
numerical simulation in this study, it could not completely reproduce the pressure oscillation in a circular tube 
filled with water. However, it would be said that the average transition of the pressure wave profile was 
reproduced. 
  
(a) (b) 
Fig. 5 Hoop strain histories of the water-filled tube at external tube wall: (a) with the Al buffer, (b) with the PC 
buffer 
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(a) (b) 
Fig. 6 Pressure history in the water close to the buffer surface at r = 0 mm: (a) with the Al buffer, (b) with the 
PC buffer 
 
4 Effect of radial wave propagation 
We investigated the effect of radial wave propagation with the obtained simulation result. Figure 7 shows 
the pressure distributions (compression is positive) and velocity vectors near the solid–fluid interface. The 
pressures below/above ±1 MPa are all shown in dark blue/red in Fig. 7. The range of the color scale was chosen 
to visualize pressure distribution in all frames. Near the tube wall, the transmitted pressure wave propagates to 
the tube wall and causes tube expansion (tensile stress) in the hoop direction after it crosses the buffer–water 
interface. As the transmitted pressure wave propagates farther in the z-direction, it is intricately distributed in 
the radial direction by interactions between the tube wall and water. Especially with the polycarbonate buffer, 
it seems that the pressure wave propagated in the radial direction in water due to the interactions between the 
tube wall and water after the first expansion of the tube wall. The pressure at the center with the polycarbonate 
buffer would reach the second peak due to the pressure wave propagation in the radial direction in the water. 
With the aluminum buffer, the pressure reached the second peak due to the transmission of the reflected stress 
wave from the buffer. Therefore, the mechanisms for reaching the second pressure peak at the center of the tube 
may different from both buffer materials. 
To investigate the radial pressure distribution on the solid–fluid interface quantitatively, the pressure 
histories at z = 2 mm and different radial locations are plotted in Fig. 8. The red lines in Fig. 8 (r = 0 mm) is the 
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same data with “simulation” lines in Fig. 6. In Fig. 8, the transmitted pressure peaks seem to be attenuated near 
the tube wall because of the tube expansion. The blue line in Fig. 8 is the water pressure near the inner tube 
wall, estimated using the hoop strain in the simulation recorded at the external tube wall via the following 
equation proposed by Tijsseling (2007): 
 
 
𝑝 − 𝑝out = 𝐸tube
𝑒
𝑅
(1 +
1
2
𝑒
𝑅
) (𝜀φ − 𝜀φ,out) (3) 
 
where εφ,out = −(1 − ν)pout/E is the hoop strain of the external tube wall when p = pout. Equation (1) is derived 
assuming a quasi-static relation between the stress in the tube and pressure in the water. However, in Fig. 8, the 
estimated pressures do not agree with the inner pressure histories in water. This reveals that the transmitted 
peak pressure is strongly affected by the dynamic effect of the tube and water’s inertia. 
Here, we compared the simulation results with the one-dimensional acoustic theory to clarify the effect of 
radial wave propagation. According to the acoustic theory, the amplitude of transmitted stress crossing the 
interface of the different solid media can be estimated with the following equation (Meyers, 1994): 
 
 
𝜎T =
2
𝑍2
𝐴2
𝑍1
𝐴2
+
𝑍2
𝐴1
𝜎I (4) 
 
where σT is the transmitted stress, σI is the incident stress, Z is the acoustic impedance of the medium (Z = ρc 
where ρ is density and c is sound speed), and A is the cross-sectional area. The index numbers distinguish the 
two solid media. As it stands, the acoustic theory for wave transmission and reflection is derived only for solid–
solid or fluid–fluid discontinuous interfaces. Here, we applied Eq. (4) for a solid–fluid interface to predict the 
interfacial pressure. 
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Fig. 7 Pressure distributions and velocity vectors: (a) with the Al buffer, (b) with the PC buffer 
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(a) (b) 
Fig. 8 Pressure histories at z = 2 mm: (a) with the Al buffer, (b) with the PC buffer 
 
To obtain the acoustic impedance of water, we used the Korteweg speed of sound in the calculation as the 
sound speed in the water. The Korteweg speed is the wave speed when the wave propagates axially in an elastic 
tube interacting with the tube wall (Korteweg, 1878). The Korteweg speed cK is defined as follows: 
 
 𝑐K =
𝑐w
√1+ 2𝑅0𝐾/𝐸tube𝑒
 (5) 
 
where cw is the sound speed of the unconfined water, R0 is a representative value of the tube radius, K is the 
bulk modulus of the fluid, Etube is the elastic modulus of the tube, and e is tube thickness. For the buffer, the 
longitudinal wave speed cB was calculated assuming isotropy (Eqs. (6) and (7)). The obtained sound speed and 
acoustic impedance are listed in Table 3. 
 
 
𝑐B = √
E
ρ
 (6) 
 
 
E = 
9KG
3K+G
 (7) 
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We plotted the first peak pressure of water at every 5 mm in the r-axis in Fig. 9. The dashed lines in Fig. 9 
represent the transmitted pressures according to the one-dimensional acoustic theory derived with Eqs. (4)–(7). 
Fig. 9 reveals that the peak pressure in water is radially distributed at each location in the axial direction. This 
may be caused by the rarefaction wave generated by tube expansion. When the pressure wave expands the tube 
wall, the rarefaction wave is generated near the tube wall because of the tube motion. With the Al buffer, because 
the wave speed in Al is much faster than that in water, wave transmission from the buffer to water may be 
completed in a shorter period compared to the rarefaction wave propagation. Therefore, the distribution of peak 
pressure is larger in Fig. 9(a). However, because the wave speed is slower with the PC buffer, the rarefaction 
wave affects the center of the tube and decreases the peak pressure (Fig. 9(b)). The distributed peak values 
gradually converge to a value slightly below the acoustic theoretical value as the pressure wave propagates 
away from the interface. 
 
  
(a) (b) 
Fig. 9 Radial distribution of the peak pressure: (a) with the Al buffer, (b) with the PC buffer 
 
Furthermore, we converted the distributed peak pressure and axial stress to one-dimensional mean 
pressure/axial stress by adopting the cross-sectional area mean of the peaks at each location in the z-direction. 
Figure 10 illustrates our use of the area mean for calculating the pressure or axial stress. Using Eqs. (8) and (9), 
we estimated the pressure or axial stress at each location along the z-direction. 
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Fig. 10 Illustration of area division for estimation of mean pressure or axial stress 
 
 
 
?̅?  =  
∑ 𝑝𝑖 𝑝𝑒𝑎𝑘 ∙ 𝐴𝑖
6
𝑖=1
∑ 𝐴𝑖
6
𝑖=1
 (8) 
 
 
{
 
 
 
 𝐴1 = 𝜋(5/2)
2                                                        
𝐴𝑖=2~5 = 𝜋{(𝑟𝑖 + 5/2)
2 − (𝑟𝑖 − 5/2)
2}         
𝐴6 = 𝜋{𝑟6
2 − (𝑟6 − 5/2)
2} (for the buffer)    
𝐴6 = 𝜋{(𝑟6 + 1)
2 − (𝑟6 − 5/2)
2} (for water)
 (9) 
 
where i is the numbering of gauge points in the radial direction, as shown in Fig. 10. 
Figure 11 shows the shifting of the estimated peak pressure or axial stress along the z-direction. The incident 
axial stress is estimated using the following equation of impact theory (Eq. (10)). Equation 8 describes the 
amplitude of the axial stress wave generated by the collision of two cylindrical solids, assuming continuities of 
pressure or axial stress and particle velocity across the interface with the wave equation (Goldsmith 2002; 
Hayashi and Tanaka 1988). 
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𝜎2 = 
𝐴1𝐸1𝐸2𝑉1
𝐴2𝐸2𝑐1 + 𝐴1𝐸1𝑐2
 (10) 
 
where V1 is the impact velocity. In this study, we used 𝑉1 = √2𝑔ℎ, and applied the projectile to medium 1 
(index number 1) in Eq. (10) and the buffer to medium 2 (index number 2).  
In Fig. 11, the estimated axial stress starts to decline before z = 0 because of the reflected tensile wave from 
the interface (at z = 0). After the wave propagates across the interface, the transmitted peak pressure converges 
at z = 30 and 10 mm with the aluminum and polycarbonate buffers, respectively. The convergence is judged 
when the difference of the pressure peak value becomes less than 10% with the value at a position away from 
the interface. The region up to the point of convergence from the interface can be considered the transition 
region of the transmitted pressure wave. In this transition region, the transmitted peak pressure can exceed the 
estimated value of one-dimensional acoustic theory with the Korteweg speed (cK = 434 m/s). Especially with 
the Al buffer, the peak pressure is 61% larger than the estimated value at z = 2 mm (Fig. 11(a)). Hence in some 
cases, it may be dangerous to predict the pressure using the Korteweg speed for designing a piping structure 
near the solid–fluid interface. As an index, the length of the transition region can be written as zT/D = 0.58 and 
0.19 for the aluminum and polycarbonate buffers, respectively, where zT is the length of the transition region in 
the axial direction and D is the inner diameter of the tube. 
The length of the transition region should be differed by the intensity of the generated pressure distribution, 
the material properties of the solid and fluid, and the shape parameters such as the thickness of the tube wall. 
Specifically, it is considered to depend on each parameter contained in Eqs. (4) to (6). In this study, the effect 
of the sound speed of the buffer material has been examined. Besides, the present result is a result that holds 
only within the range of elastic deformation of the solid. Further study is needed to clarify how the parameters 
in Eqs. (4) to (6) affect the length of the transition region. 
The disagreement of the simulation result with theory in the transition region indicates the transition of the 
tube expansion. In the transition region, the transmitted pressure wave begins interacting with the tube wall to 
expand it. Therefore, the deformation state of the tube wall is in transition in the region. We plot the transmitted 
peak pressures according to the acoustic theory with the wave speed of unconfined water (cw = 1,491 m/s) in 
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Fig. 11 as dashed lines. With the wave speed of unconfined water, the simulation results remain below the 
theoretical value after the interface, including the transition region. Consequently, in the design of a piping 
structure, the transmitted peak pressure should be estimated using the wave speed of the unconfined fluid in the 
transition region near the solid–fluid interface from the perspective of safety engineering. A similar transition 
region may exist in cases such as pipe ends, expanding or shrinking pipes, unrestrained valves, bends, and 
branches. These are known as cases of junction coupling in liquid–pipe interaction (Tijsseling 1996). In addition, 
orifices may also have transition regions. In this way, the prediction of the pressure peak value in the transition 
region requires further study with different materials, shapes, and sizes of both tubes and fluids. 
 
  
(a) (b) 
Fig. 11 Shifting of the mean peak pressure/axial stress: (a) with the Al buffer, (b) with the PC buffer 
 
In addition, the mean pressure is converted to the circumferential stress generated in the pipe, then compared 
with the simulation results, experimental results, and acoustic theory (Fig. 12). From Fig. 12, the tube stresses 
in the circumferential direction predicted from the mean pressures in the transitional regions are shown to be 
greater than those predicted by acoustic theory using the Korteweg velocity, especially with the Al buffer (Fig. 
12 (a)). However, it is understood that the circumferential stress generated in the tube is slightly lower than the 
theoretically predicted value in both the experimental result and the simulation result. This is because the 
pressure exerted on the pipe is reduced by the pressure distribution, as shown in Fig. 9. Therefore, when the 
stress wave is transmitted through the solid–fluid interface with FSI and propagated as a pressure wave in the 
 22 
 
 
Accepted manuscript 
Please cite this article as: Kojima T, Inaba K, Numerical analysis of wave propagation across Solid–Fluid 
interface with Fluid–Structure interaction in circular tube, International Journal of Pressure Vessels and 
Piping (2020), doi: https://doi.org/10.1016/j.ijpvp.2020.104099. 
fluid, it can be said that the one-dimensional acoustic theory using the Korteweg velocity can predict the 
circumferential stress generated in the tube enclosing the fluid with sufficient accuracy, regardless of the 
transitional region of the pressure. 
In this study, we focused on a case in which a stress wave is transmitted from the solid to fluid in an elastic 
tube. The transition region is considered to appear due to the interaction between the elastic tube wall and fluid. 
Therefore, the concept of transition region proposed in this study would not be applicable to the case of wave 
transmission from fluid to solid. It would not be applicable also to the case of wave reflection on the interface. 
Further study is needed about the wave transition across the solid-fluid/fluid-solid interface. 
 
  
(a) (b) 
Fig. 12 Stress peak in the tube in hoop direction: (a) with the Al buffer, (b) with the PC buffer 
 
5 Conclusion 
A numerical study was conducted with wave propagation across the solid–fluid interface with FSI. The 
problem was modeled in two-dimensional axial symmetry with a cylindrical solid buffer and a water-filled 
circular tube. It was revealed that the mechanisms causing the peak pressure on the solid–fluid interface differed 
depending on the buffer material, varying for aluminum and polycarbonate. With the aluminum buffer, the 
pressure on the interface peaked when the stress wave propagating axially in the buffer reached the interface. 
On the other hand, with the polycarbonate buffer, the interfacial pressure oscillated, and its peaks were caused 
 23 
 
 
Accepted manuscript 
Please cite this article as: Kojima T, Inaba K, Numerical analysis of wave propagation across Solid–Fluid 
interface with Fluid–Structure interaction in circular tube, International Journal of Pressure Vessels and 
Piping (2020), doi: https://doi.org/10.1016/j.ijpvp.2020.104099. 
by radial pressure wave propagation. It was revealed that the transmitted peak pressure was strongly affected 
by the dynamic effects of the tube and water’s inertia. 
The peak pressure was attenuated near the tube wall because of the inertia effect of the tube and fluid 
expansion. The averaged pressure distribution after the transmission gradually converged to that predicted by 
one-dimensional acoustic theory as the pressure wave propagated away from the interface. By calculating the 
mean pressure to compare the simulated peak pressure with that predicted by one-dimensional acoustic theory, 
it was indicated that a transition region for the transmitted pressure existed immediately after the solid–fluid 
interface. In this region, the transmitted peak pressure exceeded the value predicted by one-dimensional acoustic 
theory for the aluminum buffer. The length of the transition region zT was expressed as a function of the inner 
diameter of the tube D, extending to the point zT/D = 0.58 and 0.19 for the aluminum and polycarbonate buffers, 
respectively in the axial direction from the interface. In this region, the transmitted peak pressure should be 
estimated with the one-dimensional acoustic theory using the normal wave speed in the unconfined fluid from 
a safety engineering perspective. However, the circumferential stress generated in the tube enclosing the fluid 
can be predicted with sufficient accuracy using the same theory and the Korteweg speed. 
Further study is needed with more various materials and scale of the diameter of the buffer, tube, and fluid, 
also with an unmovable solid buffer for application of this study to the engineering of structures intended for 
transporting or storing moving fluids, such as piping and reactors. 
 
Acknowledgment 
We are grateful to Prof. Kikuo Kishimoto for fruitful discussion. Funding: This work was supported by JSPS 
KAKENHI [grant numbers JP26709001, JP18K13662]. Declarations of interest: none. 
 
References 
Alder, B., Fernbach, S., Rotenberg, M., 1964. Methods in Computational Physics, Volume 3: Fundamental 
Methods in Hydrodynamics. Academic Press, New York. 
Bergant, A., Simpson, A.R., Tijsseling, A.S., 2006. Water Hammer with Column Separation: A Historical 
Review. J. Fluids Struct. 22, 135–71. https://doi.org/10.1016/j.jfluidstructs.2005.08.008. 
 24 
 
 
Accepted manuscript 
Please cite this article as: Kojima T, Inaba K, Numerical analysis of wave propagation across Solid–Fluid 
interface with Fluid–Structure interaction in circular tube, International Journal of Pressure Vessels and 
Piping (2020), doi: https://doi.org/10.1016/j.ijpvp.2020.104099. 
Birnbaum, N.K., Cowler, M.S., Itoh, M., Katayama, M., Obata, H., 1987. AUTODYN - an Interactive Non-
Linear Dynamic Analysis Program for Microcomputers through Supercomputers. Trans. 9th Int. Conf. 
Struct. Mech. React. Technol. Vol. B 19, 401–406. 
Blom, F.J., 1998. A Monolithical Fluid-Structure Interaction Algorithm Applied to the Piston Problem. Comput. 
Methods Appl. Mech. Eng. 167, 369–391. https://doi.org/10.1016/S0045-7825(98)00151-0. 
Chong, S.-O., Kim, S.-J., 2019. Characterization of Cavitation-Erosion Resistance of Plasma Ion Nitrided 316L 
Stainless Steel Under Shock Wave in Seawater. J. Nanosci. Nanotechnol. 19, 3943–3949. 
https://doi.org/10.1166/jnn.2019.16264. 
Courant, R., Lewy, H., Friedrichs, K., 1928. Über Die Partiellen Differenzengleichungen Der Mathematischen 
Physik. Math. Ann. 100, 32–74. https://doi.org/10.1007/BF01448839. In German. 
Damazo, J., Shepherd, J.E., 2017. Observations on the Normal Reflection of Gaseous Detonations. Shock 
Waves 27, 795–810. https://doi.org/10.1007/s00193-017-0736-6. 
Daude, F., Tijsseling, A.S., Galon, P., 2018. Numerical Investigations of Water-Hammer with Column-
Separation Induced by Vaporous Cavitation Using a One-Dimensional Finite-Volume Approach. J. Fluids 
Struct. 83, 91–118. https://doi.org/10.1016/J.JFLUIDSTRUCTS.2018.08.014. 
Deshpande, V.S., Heaver, A., Fleck, N.A., 2006. An Underwater Shock Simulator. Proc. R. Soc. A. 462, 1021–
1041. https://doi.org/10.1098/rspa.2005.1604. 
Goldsmith, W., 2002. Impact: The Theory and Physical Behaviour of Colliding Solids. Dover Publications, 
London. 
Hayashi, T., Tanaka, K., 1988. Impact Engineering. Nikkan Kogyo Shimbun, Tokyo (in Japanese). 
Jin, Z., Yin, C., Chen, Y., Hua, H., 2015. One-Dimensional Analytical Model for the Response of Elastic 
Coatings to Water Blast. J. Fluids Struct. 59, 37–56. 
https://doi.org/10.1016/J.JFLUIDSTRUCTS.2015.08.014. 
Kojima, T., Inaba, K., Takahashi, K., Triawan, F., Kishimoto, K., 2017. Dynamics of Wave Propagation across 
Solid-Fluid Movable Interface in Fluid-Structure Interaction. J. Pressure Vessel Technol. 139, 031308. 
https://doi.org/10.1115/1.4035376. 
 25 
 
 
Accepted manuscript 
Please cite this article as: Kojima T, Inaba K, Numerical analysis of wave propagation across Solid–Fluid 
interface with Fluid–Structure interaction in circular tube, International Journal of Pressure Vessels and 
Piping (2020), doi: https://doi.org/10.1016/j.ijpvp.2020.104099. 
Kojima, T., Inaba, K., Takahashi, K., 2015. Wave Propagation Across Solid-Fluid Interface With Fluid-
Structure Interaction. Proc. ASME Pressure Vessels Piping Conf. 2015 5, 1–10. 
https://doi.org/10.1115/PVP2015-45752. 
Korteweg, D.J., 1878. Ueber Die Fortpflanzungsgeschwindigkeit Des Schalles in Elastischen Röhren. Ann. 
Phys. Chem. 241, 525–42. https://doi.org/10.1002/andp.18782411206. In German 
Li, Q., Manolidis, M., Young, Y.L., 2013. Analytical Modeling of the Underwater Shock Response of Rigid 
and Elastic Plates Near a Solid Boundary. J. Appl. Mech. 80, 21017. https://doi.org/10.1115/1.4007586. 
Liang, Y.M., Spuskanyuk, A.V., Flores, S.E., Hayhurst, D.R., Hutchinson, J.W., McMeeking, R.M., Evans, 
A.G., 2007. The Response of Metallic Sandwich Panels to Water Blast. J. Appl. Mech. 74, 81–99. 
https://doi.org/Doi 10.1115/1.2178837. 
Meyers, M. A., 1994. Dynamic Behavior of Materials. John Wiley & Sons, Inc., New Jersey. 
Mouritz, A.P., Gellert, E., Burchill, P., Challis, K., 2001. Review of Advanced Composite Structures for Naval 
Ships and Submarines. Compos. Struct. 53, 21–24. https://doi.org/10.1016/S0263-8223(00)00175-6. 
Matuska, D.A., 1984. AFATL-TR-84-59, HULL Users’ Manual, Defense Technical Information Center, 
Virginia. 
National Astronomical Observatory of Japan, 2016. Chronological Scientific Tables, Maruzen, Tokyo. 
Riedelmeier, S., Becker, S., Schlücker, E., 2017. Identification of the Strength of Junction Coupling Effects in 
Water Hammer. J. Fluids Struct. 68, 224–244. https://doi.org/10.1016/J.JFLUIDSTRUCTS.2016.09.006. 
Robertson, N., Hayhurst, C., Fairlie, G., 1994. Numerical Simulation of Impact and Fast Transient Phenomena 
Using AUTODYNTM-2D and 3D. Nucl. Eng. Des. 150, 235–241. https://doi.org/10.1016/0029-
5493(94)90140-6. 
Schiffer, A., Tagarielli, V.L., Petrinic, N., Cocks, A.C.F., 2012. The Response of Rigid Plates to Deep Water 
Blast: Analytical Models and Finite Element Predictions. J. Appl. Mech. 79, 061014. 
https://doi.org/10.1115/1.4006458. 
Schiffer, A., Tagarielli, V.L., 2014a. One-Dimensional Response of Sandwich Plates to Underwater Blast: 
Fluid-Structure Interaction Experiments and Simulations. Int. J. Impact Eng. 71, 34–49. 
https://doi.org/10.1016/j.ijimpeng.2014.04.001. 
 26 
 
 
Accepted manuscript 
Please cite this article as: Kojima T, Inaba K, Numerical analysis of wave propagation across Solid–Fluid 
interface with Fluid–Structure interaction in circular tube, International Journal of Pressure Vessels and 
Piping (2020), doi: https://doi.org/10.1016/j.ijpvp.2020.104099. 
———. 2014b. The Dynamic Response of Composite Plates to Underwater Blast: Theoretical and Numerical 
Modelling. Int. J. Impact Eng. 70, 1–13. https://doi.org/10.1016/j.ijimpeng.2014.03.002. 
———. 2015. The Response of Circular Composite Plates to Underwater Blast: Experiments and Modelling. 
J. Fluids Struct. 52, 130–44. https://doi.org/10.1016/j.jfluidstructs.2014.10.009. 
Swisdak, M.M., Jr., 1978. Explosion Effects and Properties. Part II. Explosion Effects in Water. NAVAL 
SURFACE WEAPONS CENTER Technical Report, no. ADA056694. 
Takashi, N., Hughes, T.J.R., 1992. An Arbitrary Lagrangian-Eulerian Finite Element Method for Interaction of 
Fluid and a Rigid Body. Comput. Methods Appl. Mech. Eng. 95, 115–138. https://doi.org/10.1016/0045-
7825(92)90085-X. 
Taylor, G.I., 1941. The Pressure and Impulse of Submarine Explosion Waves on Plates. In: Batchelor, G.K. 
(Ed.), The Scientific Papers of G. I. Taylor III, Cambridge University Press, Cambridge, pp. 287–303. 
Tijsseling, A.S., 1996. FLUID-STRUCTURE INTERACTION IN LIQUID-FILLED PIPE SYSTEMS: A 
REVIEW, J. Fluids Struct. 10, 109–146. 
———. 2007. Water Hammer with Fluid–Structure Interaction in Thick-Walled Pipes. Comput. Struct. 85, 
844–851. https://doi.org/10.1016/j.compstruc.2007.01.008. 
Triawan, F., Krisnamurti, A., Miura, T., Maeda, H., 2015. Direct Measurement of Cavitation Intensity of Pump 
Impeller using Multi Paint Materials. Proc. of the 13th Asian International Conference on Fluid 
Machinery. 1, AICFM13-017. 
Veilleux, J., Shepherd, J. E., 2018. Pressure and Stress Transients in Autoinjector Devices. Drug Delivery and 
Translational Research 8, 1238–1253. https://doi.org/10.1007/s13346-018-0568-7. 
———. 2019. Impulsive Motion in a Cylindrical Fluid-Filled Tube Terminated by a Converging Section. J. of 
Press. Vess. 141, https://doi.org/10.1115/1.4042799. 
Walley, S., Field, J., 1994. Strain rate sensitivity of polymers incompression from low to high rates. DYMAT 
J. 1, 211–227. 
Wang, Z., Liang, X., Fallah, A.S., Liu, G., Louca, L.A., Wang, L., 2013. A Novel Efficient Method to Evaluate 
the Dynamic Response of Laminated Plates Subjected to Underwater Shock. J. Sound Vib. 332, 5618–
5634. https://doi.org/10.1016/j.jsv.2013.05.028. 
 27 
 
 
Accepted manuscript 
Please cite this article as: Kojima T, Inaba K, Numerical analysis of wave propagation across Solid–Fluid 
interface with Fluid–Structure interaction in circular tube, International Journal of Pressure Vessels and 
Piping (2020), doi: https://doi.org/10.1016/j.ijpvp.2020.104099. 
Xue, Z., Hutchinson, J.W., 2003. Preliminary Assessment of Sandwich Plates Subject to Blast Loads. Int. J. 
Mech. Sci. 45, 687–705. https://doi.org/10.1016/S0020-7403(03)00108-5. 
Yagawa, G., Miyazaki, N., 2007. Keisan Rikigaku Handobukku. Asakura Publishing, Tokyo (in Japanese). 
Zhang, Q., Hisada, T., 2001. Analysis of Fluid–Structure Interaction Problems with Structural Buckling and 
Large Domain Changes by ALE Finite Element Method. Comput. Methods Appl. Mech. Eng. 190, 6341–
6357. https://doi.org/10.1016/S0045-7825(01)00231-6. 
Zukas, J.A., 2004. Introduction to Hydrocodes. Elsevier, Amsterdam. 
 28 
 
 
Accepted manuscript 
Please cite this article as: Kojima T, Inaba K, Numerical analysis of wave propagation across Solid–Fluid 
interface with Fluid–Structure interaction in circular tube, International Journal of Pressure Vessels and 
Piping (2020), doi: https://doi.org/10.1016/j.ijpvp.2020.104099. 
Table 1. Meshed condition for the simulations 
Parts Projectile Buffer Tube Water flow field 
Grid (i × j) 20 × 6 75 × 6 970 × 4 970 × 32 
Total grids 120 450 3880 31040 
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Table 2. Material properties for the simulations 
Material Aluminum (Al) Polycarbonate (PC) Water Stainless steel 
Applied part Buffer Buffer, Tube Water Projectile 
Equation of state Linear Linear Linear Linear 
Constitutive equation Elastic Elastic - Elastic 
Density, ρ [kg/m3] 2,680 1,200 1,000 8,000 
Bulk modulus, K [GPa] 75.5 2.72 2.22 194 
Shear modulus, G [GPa] 26.9 1.00 - 73.0 
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Table 3. Calculated sound speed and acoustic impedance for each material 
 Al PC Water in the PC tube Stainless steel 
c [m/s] 5,171 1,492 434* 4,932 
Z [106 kg/m2·s] 14.0 1.79 0.434* 39.5 
*with the Korteweg speed 
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Figure Legends 
Fig. 1 Schematic of the simulation model used in the study 
Fig. 2 Stress and pressure distributions: (a) with the Al buffer, (b) with the PC buffer 
Fig. 3 Axial strain histories of the buffer: with the Al buffer (a) at z = -280 mm, (b) at z = -80 mm, with the PC 
buffer (c) at z = -280 mm, (d) at z = -80 mm 
Fig. 4 Velocity of the buffer-water interface: (a) with the Al buffer, (b) with the PC buffer 
Fig. 5 Hoop strain histories of the water-filled tube at external tube wall: (a) with the Al buffer, (b) with the PC 
buffer 
Fig. 6 Pressure profile in water at z = 2 mm, r = 0 mm: (a) with the Al buffer, (b) with the PC buffer 
Fig. 7 Pressure distributions and velocity vectors: (a) with the Al buffer, (b) with the PC buffer 
Fig. 8 Pressure histories at z = 2 mm: (a) with the Al buffer, (b) with the PC buffer 
Fig. 9 Radial distribution of the peak pressure: (a) with the Al buffer, (b) with the PC buffer 
Fig. 10 Illustration of area division for estimation of mean pressure or axial stress 
Fig. 11 Shifting of the mean peak pressure/axial stress: (a) with the Al buffer, (b) with the PC buffer 
Fig. 12 Stress peak in the tube in hoop direction: (a) with the Al buffer, (b) with the PC buffer 
 
